Abstract: The detection of sialic acid in living systems is of importance for the diagnosis of several types of malignancy. We have designed and synthesized two new lanthanide ion ligands (L 1 and L 2 ) that are capable of molecular recognition of sialic acid residues. The basic structure of these ligands consists of a DTPA-bisamide (DTPA, diethylenetriamine pentaacetic acid) whose amide moieties each bear both a boronic function for interaction with the diol groups in the side chain of sialic acid, and a functional group that is positively charged at physiologic pH values and is designed to interact with the carboxylate anion of sialic acid. The relaxometric properties of the Gd 3 + complexes of these two ligands were evaluated. The relaxivity of the GdL 1 complex has a significant secondsphere contribution at pH values above the pK a of its phenylboronic acid moiety. The interaction of the Gd with sialic acid has the higher conditional formation constant (50.43 AE 4.61 m À1 at pH 7.4). The ability of such complexes to recognize sialic acid was confirmed by the results of a study on the interaction of corresponding radiolabeled complexes ( 153 SmL nance. CAs currently on the market suffer from several disadvantages, the most important of which are poor efficiency with regard to the shortening of T 1 and T 2 , and a lack of specificity. Once administered, these agents rapidly equilibrate nonspecifically between the intravascular and the interstitial compartments. For this reason, a great deal of attention has been dedicated to the development of new and more efficient contrast agents. [5, 6] The delivery of higher doses of CA to the target site through the exploitation of receptors or molecular determinants would improve visualization of abnormalities and the CA could be used to obtain not only anatomical information but also information at the molecular level. Molecular imaging would make it possible to study and understand cellular events or to monitor gene delivery and expression in gene therapy. [7] [8] [9] [10] A major difficulty in the development of targeted CAs is the very low concentration of receptors (10
À9

-10
À13 mol g À1 ) in tissues, combined with the low intrinsic sensitivity of MRI. [11] Several approaches have been applied to this problem and some progress has been made by using monoclonal antibodies (mAbs) covalently conjugated with MRI CAs. However, modification of mAbs can alter their affinity towards the target as well as their pharmacokinetic properties. [4] There is thus considerable interest in the development of alternative targeting strategies.
Receptors often consist of carbohydrates on glycoproteins or glycolipids, and in many cases sialic acids are involved. The sialic acids are a family of C 9 monosaccharides with a carboxy group at the anomeric carbon atom (pK a = 2.2) that gives the molecule a negative charge at physiological pH (Scheme 1). These compounds frequently occur as the terminal residue of a glycan chain in a glycoprotein or glycolipid present on the cell surface or in an intracellular membrane (e.g. Golgi apparatus). The biological roles played by sialic acids are the result of the physicochemical properties of these molecules (size, hydrophilicity, and negative charge at physiological pH) and of their exposed positions in glycan chains. They appear to be involved in the binding and transport of positively charged ions or molecules and in the attraction and repulsion of cells and molecules. Sialic acids can also act as a protective shield for the subterminal portion of a molecule, but their most important functions concern cellular and molecular recognition. [12] [13] [14] [15] [16] Sialic acid concentration has been proposed as a prognostic and diagnostic indicator for several diseases. In particular, a correlation between an altered sialylation pattern and lowered defensive activity against viral infections and tumor cells has been reported. [17] Lemieux et al. took advantage of the overexpression of sialic acid on tumor cell surfaces (up to 10 9 sialic acid residues per tumor cell as compared to only 20 10 6 for a normal human erythrocyte) to detect tumor cells. [18] By supplying N-levulinoylmannosamine, an unnatural substrate for the sialoside biosynthetic pathway, to Jurkat cells these authors were able to convert the substrate into N-levulinoyl sialic acid, a ketone-substituted sialic acid. This keto group can be used as an anchor for covalent binding of an aminoxy-substituted GdDTPA (DTPA, diethylenetriamine pentaacetic acid), which results in contrast enhancement and may make the molecule observable in an MRI image.
Herein, we report the results of studies on two Gd 3 + complexes (GdL  1 and GdL   2 ) built with ligands containing DTPA and phenylboronate functions (see Scheme 1). These complexes were designed to interact reversibly with sialic acid. The advantage of this approach is that the contrast agent is in a dynamic equilibrium between its sialic-acid-bound and free states. The free complex can eventually be excreted by the normal physiological mechanism, which shifts the equilibrium away from the bound form.
Many efforts have been made to develop biomimetic sugar receptors that operate in water. [19, 20] However, the only promising class of sugar receptors developed so far is that of the arylboronic acids, which are not biomimetic. [21] The ability of boric and phenylboronic acid to interact with sugars has been known for a long time. [22] [23] [24] acid is a weak acid (pK a = 8.67) [25] that bonds covalently and reversibly with 1,2-or 1,3-diols to give five-or six-membered cyclic esters (see Scheme 2) . The stability of the esters formed by the boronate anion (tetragonal) is orders of magnitude higher than that of the esters formed by boronic acid (trigonal). [26] The binding ability of boronic acid is therefore optimal under basic conditions (pH > 8-9) since the concentration of the boronate anion is maximal in such an environment.
The requirement of basic conditions for optimal interaction is a drawback for the use of these moieties in saccharide receptors. Wulff has shown that the conversion of a trigonal boronic into a tetragonal boronate function occurs at a much lower pH value when an aminomethyl group is introduced at the ortho-position (Scheme 3). [27, 28] This effect can be ascribed to a B-N interaction in the phenylboronate species that results in a decrease in the pK a value of the tertiary amino group to around 5, and an increase in that of the boronic function to about 12. [29] The presence of the tetragonal species over a broader pH range favors the interaction of this type of compound with saccharides at physiological pH levels.
We previously studied the interaction of phenylboronic acid with Neu5Ac, the most widespread form of sialic acid (Scheme 1). [30] The boronic group appeared to interact both with the glycerine moiety at C6 to form five-and six-membered cyclic esters, and with the carboxy group and the hydroxy group at C2 to form a five-membered cyclic ester. The formation constant we determined for phenylboronic acid/Neu5Ac adduct formation is higher than those for various other monosaccharides commonly present in glycan chains on cell surfaces. Free Neu5Ac differs from sialic acid residues in glycan chains; in a glycan chain, the C2 position of the acid is involved in the glycosidic linkage, which precludes interaction with phenylboronic acid at the C1/C2 position. Consequently, it is reasonable to expect a weaker interaction between phenylboronic acid and sialic acids in glycoconjugates than between the same compound and free Neu5Ac.
To increase the specificity and stability of the interaction between the target receptor and sialic acid, we introduced another functional group to our artificial receptors in addition to phenylboronic acid. The role of this additional group is to interact with the carboxy group at the C1 position of sialic acid (Scheme 1). Guanidinium cations are very weakly acidic (pK a % 12.5) and have the capacity to form intermolecular contacts mediated by H-bonding interactions. The guanidinium ion is present in many natural products and is often involved in molecular recognition. [31] For example, in E-selectin a guanidinium ion on an arginine residue is the binding site for the carboxylate group of sialyl Lewis X acids. [32] This example inspired us to include an aminoimidazolium group in the design of L 1 to allow binding of the carboxylate group of Neu5Ac.
Compound L 2 was designed to interact with the carboxy group at the C1 position of Neu5Ac through an aminomethyl group present in the meta-position of L 2 relative to the boronic function. This aminomethyl moeity is protonated under physiological conditions. The design of both ligands was completed by inclusion of a central chelating unit based on the DTPA structure, which is known to afford a stable coordination cage for lanthanide ions (see Scheme 1). [1] [2] [3] [4] Molecular modeling studies indicate that both L 1 and L 2 can occur in conformations that allow cooperative two-site binding of sialic acid through 1) ester formation by interaction of the boronate function on the ligand with the geminal diol function at C8/C9 of Ne5Ac, and 2) an electrostatic interaction between the positively charged moiety on the ligand and the carboxylate group of Neu5Ac.
The two ligands L 1 and L 2 were synthesized and the relaxometric properties of their Gd 3 + complexes were evaluated. Interaction of the ligands with Neu5Ac and other competing monosaccharides present in glycan chains was investigated by means of a three-component competitive fluorescence assay developed by Wang and Springsteen. [26] We exploited the excellent sensitivity of radiometric methods to investigate the interaction of the 153 Sm complexes of the ligands with C6 rat glioma cells. It has been shown that these cells have high membrane concentrations of sialic acid. [33] Results and Discussion Synthesis: The ligands prepared for this study, L 1 and L
2
, are both composed of a central lanthanide-chelating unit flanked by two identical groups designed to interact with sialic acid. Ligand L 1 was synthesized from tris-(2-aminoethyl)amine (TREN). Two of the three amine functions of this compound were protected with tert-butoxycarbonyl (Boc) groups by the procedure of Hamdaoui et al., [34] which gave compound 1 (Scheme 4). Treatment of 1 with 2-methylthio-2-imidazoline hydroiodide in refluxing ethanol, followed by deprotection with HCl afforded 3 in excellent yield. The boronic acid function was introduced by reductive amination of 3 with 2-formylphenylboronic acid and sodium borohydride, which led to a mixture of mono-and bis-substituted derivatives of 3. Separation of these derivatives was achieved by ion exchange chromatography on a weakly acidic cation exchanger (Amberlite CG50), with gradient elution in aqueous ammonia. Ligand L 1 was obtained by condensation of 4 with DTPA-bisanhydride in ethanol.
The bis-Boc-protected precursor of ligand L 2 (5) was prepared by a published procedure. [35] Deprotection by treatment with TFA gave 6 almost quantitatively. Ligand L 2 was obtained by reductive amination of 6 with excess 3-formylphenylboronic acid and sodium borohydride. an inflection point at about pH 4.9. This shift change marks the transition between a trigonal and a tetragonal boron atom that results from formation of a B À N bond upon deprotonation of the amino group (see Scheme 3) . By fitting the chemical shift titration curve to the appropriate equations, we determined the pK a value of the amino group to be 4.93. This value is considerably lower than the pK a of benzylamine (pK a = 9.40 AE 0.08, m = 0.1), [36] which demonstrates that the ammonium group is considerably stabilized by the presence of the ortho-boronic function. It was not possible to determine the pK a value of the boronic function from the titration curve since no other jump in chemical shift occurred. This result indicates that the pK a value of the boronic function is higher than 12. The observed pK a trends agree well with those reported by Wiskur et al. for o-aminomethylphenylboronic acid. [29] The situation is different for L 2 because the aminomethyl group is in the meta-position with respect to the boronic function and B-N interaction is therefore impossible. The 11 B NMR chemical shift change (9.4 to À16.6 ppm) with increasing pH value can, once again, be ascribed to the conversion of the boron functionality from a trigonal into a tet- ragonal geometry (Scheme 3). In this case, this transition is the result of the reaction of the boron function with an OH À ion to form a boronate. The pK a value concerned was determined to be 7.96, which is somewhat lower than that reported for phenylboronic acid (pK a = 8.7), [25] probably as a result of the electron-withdrawing effect of the aminomethyl group. We conclude that L 1 is present in the tetragonal form over a wider pH range than L Relaxometric characterization of the Gd 3 + complexes: The Gd 3 + complexes of L 1 and L 2 were synthesized from equimolar amounts of GdCl 3 and ligand in water at room temperature. The pH value was maintained at 5.5-6.5 during this synthesis.
The efficiency of an MRI CA is generally expressed in terms of relaxivity (r ip in s À1 mm
À1
), a parameter that indicates the ability of the CA to shorten the relaxation times of solvent water protons. Relaxivity is usually considered to be the result of a combination of inner-sphere (r is 1 ) and outersphere contributions (r os 1 ), which arise from the water molecules directly coordinated to the metal center and those freely diffusing around it, respectively. [1] [2] [3] [4] Sometimes, an additional contribution originating from second-sphere water molecules can be identified. These water molecules are not directly coordinated to the metal ion but are bound to the complex through hydrogen bonds or other relatively weak interactions.
The inner-sphere contribution is described by SolomonBloembergen-Morgan theory [Equations (1)- (4)]. [37] 
[C] is the concentration of the Gd 3 + complex, q is the number of water molecules in the first coordination sphere of the metal ion, T 1M is their proton relaxation time, r is the Gd 3 + -H water distance, J is the spectral density function, t ci (i = 1, 2) are the overall correlation times for the dipolar nucleus-electron interaction, t M is the mean residence lifetime of the water molecules in the inner coordination sphere, t r is the reorientational correlation time of the GdH water vector, t is is the averaged relaxation time of the Gd 3 + unpaired electrons, D is and K i are constants related to the nuclear and electron relaxation mechanisms, respectively, D 2 is the square of the transient zero field splitting (ZFS) energy, t v is the correlation time for the processes modulating the ZFS Hamiltonian, and w s and w I are the electron and proton Larmor frequencies, respectively.
At pH 4.5 and 298 K, the relaxivities (measured at 20 MHz) of GdL 1 and GdL 2 are 5.7 and 4.7 s À1 mm
, respectively. These values are similar to those reported for Gd 3 + complexes of other DTPA-bisamides. [38, 39] The pH dependence of the relaxivities of the complexes increases signficantly at low and high pH values (Figure 1 ). At pH < 2 both complexes show a steep increase in relaxivity to about 13 s À1 mm
, which is comparable to the relaxivity of the Gd 3 + aquo ion. This behavior can be ascribed to decomplexation of the Gd 3 + ion. At the other end of the profile, the relaxivity of GdL 2 begins to rise at pH 5-6 and the curve shows a jump in relaxivity centered around the pK a of the boron functionality. In contrast, the relaxivity of GdL 1 only begins to rise when a pH value of 8-9 is reached. In both cases, the increase in relaxivity observed in the basic pH region (pH > 9) is most likely to be caused by activation of the prototropic exchange mechanism. [39] DTPA-bisamides generally have relatively long exchange lifetimes, t M . The relaxivity of a complex of this size with a fast water exchange rate is usually governed mainly by changes in the rotational correlation time. However, when the water exchange becomes sufficiently slow, t M starts to play a role as well. Any phenomenon that speeds up the exchange of the water protons between the complex and the bulk solvent results in an increase in the relaxivity. [1] [2] [3] [4] To evaluate the (whole) water exchange rates of GdL 1 and GdL 2 , we determined the transverse 17 O relaxation rate for water in samples containing the complexes as a function of the temperature (Figure 2 ). An optimal fit of the experimental data with the Swift-Connick equations [40, 41] was obtained for the t M values compiled in Table 1 . The exchange lifetime of water in a solution of GdL 2 was found to be 25 % greater at pH 4 than under basic conditions. This difference may be ascribed to the change in the overall charge of the complex from + 2 at acidic pH values to À2 under basic conditions. A greater overall negative charge favors the dissociative process by which water molecules leave the complex and thus accelerates water exchange. [42] However, the observed change in the water exchange rate is not sufficient to account for the increased relaxivity observed at basic pH values (Figure 1 ). This was confirmed by a simulation of the longitudinal relaxation of a water molecule at 20 MHz produced from the t M value obtained from the 17 O NMR measurements (see Table 1 ), with all other parameters set to those of GdDTPA-bismethylamide (GdDTPA-BMA).
The pH profiles of the relaxivities of GdDTPA-bisamides generally show a sudden increase in relaxivity at basic pH as a result of the activation of prototropic exchange, which removes the quenching effect of the slow (whole) water exchange on the relaxivity. [39] Prototropic exchange can be catalyzed both by H + and by OH À ions. It has been reported that the prototropic exchange rate is modulated by the overall charge of the complex under basic conditions; exchange is faster for positively charged and slower for negatively charged complexes. [39] This effect has been explained in terms of the ease of access of OH À ions to the coordinated water molecule. It is likely that the activation of prototropic exchange plays a role in the relaxivity enhancement observed for the two complexes GdL 1 and GdL 2 under basic conditions.
Comparison of the pH dependence of the relaxivities of GdL 1 and GdL 2 with the profiles of other GdDTPA-bisamide complexes reveals that the relaxivity of GdL 2 begins to increase at an unusually low pH value. [39, 43] The presence of a jump in relaxivity around the pK a value of the boronic functions of GdL 2 suggests that this phenomenon is related to the formation of the negatively charged boronate group. Inspection of molecular models reveals that this complex may easily adopt a conformation in which the boronate function is in close proximity to the Gd 3 + ion. Therefore, a possible explanation for this jump in relaxivity is the presence of second-sphere water molecules near the negatively charged boronate group. These water molecules may be hydrogen bonded to the boronate function. The boronic groups in GdL 1 have a substantially higher pK a value (> 12) than those in GdL 2 . The boronic acid moiety in GdL 1 has no overall charge in the pH range investigated and is much less effective at attracting second-sphere water molecules.
The pH profiles of the two complexes were fitted with Equation (6), which is derived from Equations (2) and (5). In these equations, k ex is the exchange rate of the bulk water and k exb is the rate of prototropic exchange catalyzed by hydroxy ions. Terms accounting for the contribution made by second-sphere and outer-sphere water molecules (r os 1 ) are included. The concentration of free boronate functions, C b is given by Equation (7), which can be derived from the equilibrium constant of the boric acid-boronate equilibrium and the appropriate mass balances.
C tot is the molar concentration of the paramagnetic complex, C b is the molar concentration of the complex in the boronate form, T 1M is the proton relaxation time of the coordinated water molecule, q is the number of inner-sphere water molecules, w is the number of second-sphere water molecules in the boronate form of the complex, and T 00 1M is their proton relaxation time. We assumed that the residence time of these water molecules is very short compared to T . The curves obtained are shown in Figure 1 and the best-fit values for the prototropic exchange rate constants of the two ligands are listed in Table 2 , together with literature values for other relevant Gd 3 + complexes of DTPA-bisamides (Scheme 5). [39] The prototropic exchange rate constants obtained for GdL 1 and GdL 2 are in good agreement with the general trend of increasing prototropic exchange rate with increasing overall complex (positive) charge.
We cannot exclude the possibility that the boronate function also catalyzes boronic prototropic exchange. However, inclusion of additional terms in Equation (6) to account for this catalytic effect did not lead to a better fit of the pH profile of the relaxivity.
The parameters that influence the relaxivity can be evaluated by measuring its field dependence (nuclear magnetic relaxation dispersion; NMRD) and fitting this experimental data to the values calculated by using the Solomon-Bloembergen-Morgan theory. [44] [45] [46] The large number of parameters involved in this model makes it advisable to determine as many of them as possible by independent techniques. These values can then be fixed during fitting of the NMRD profile. The NMRD profiles of GdL 1 and GdL 2 were recorded at 298 K and pH 6 and are shown in Figure 3 . The NMRD profile of GdDTPA-BMA is included in this figure for comparison. At the pH value tested, the relaxivities of GdL 1 and GdL 2 are not significantly influenced by catalysis of the prototropic exchange or by the presence of secondsphere water molecules. We therefore assumed that the residence time of the water protons is determined by the "whole water" exchange rate, which was measured independently from the water 17 O transverse relaxation rates (see above). The experimental data were fitted to the theoretical values obtained from the Solomon-BloembergenMorgan theory. At low field, the relaxivities of Gd 3 + complexes are mainly determined by the electronic relaxation time, t s . The relatively low relaxivities of GdL 1 and GdL 2 at low field compared to those of DOTA-like Gd 3 + complexes under the same conditions (r 1 % 12 s À1 mm
) are indicative of short electronic relaxation times, as observed for other acyclic ligands with low symmetry. [43] By using standard parameter values for a (distance of closest approach of a secondsphere water molecule, 3.8 10 À10 m), D (relative diffusion coefficient of a complex and a water molecule, 2.24 10 À9 m 2 s À1 ), and r (Gd-H distance for an inner-sphere water molecule, 3.1 10 À10 m) and fixing the value of t M to that determined previously from the 17 O T 2 value, we calculated the electronic relaxation times at zero field (t so ) and the t r values of the complexes. The results are compiled in Table 3 . The relaxivities of GdL 1 and GdL 2 observed using the NMRD technique are higher than that observed for GdDTPA-BMA. This result can be ascribed to the higher rotational correlation times of GdL 1 and GdL 2 since this pa- rameter is the main factor governing the relaxivity under these conditions.
The t so values are relatively low and, as stated above, are typical for structures with low symmetry. [47] The reorientational correlation times (t r ) of GdL 1 and GdL 2 are higher than those of GdDOTA and GdDTPA, which is in accordance with the higher molecular masses of GdL 1 ) with Neu5Ac were compared with those of the adducts formed with competing monosaccharides to evaluate the in vivo selectivity of the ligands for sialic acid. The interaction of Gd 3 + complexes with macromolecular substrates is often evaluated by means of the well-established proton relaxation enhancement technique. [48, 49] This approach exploits the increase in the observed water proton longitudinal relaxation rate that occurs as a result of the increase in the rotational correlation time upon formation of the adduct. Unfortunately, the large t M values of GdL 1 and GdL 2 , combined with the small change in t r that occurs upon interaction with monosaccharides hampered determination of the formation constants by this method. We therefore exploited an approach developed by Springsteen and Wang, [26] which we adapted to suit our study. The formation constants of the boronate esters of GdL 1 and GdL 2 and those of the saccharide adducts of these esters were measured by means of competitive titrations at pH 7.4. First, the formation constants of the esters formed by the complexes upon treatment with Alizarine Red S (ARS) were determined by measuring the change in fluorescence that occurred upon interaction. The association constants of the esters of GdL 1 and GdL 2 with the sugar under investigation were determined by titrating solutions of the complex with both ARS and the sugar in question and monitoring the change in fluorescence emission. In addition to Neu5Ac, methyl b-d-galactoside, methyl a-d-mannoside, and d(+)-glucose were studied for comparison. Methyl b-dgalactoside and methyl a-d-mannoside are models of units commonly present in glycan chains; glucose occurs at relatively high concentrations in the blood. The systems can be described by the equilibrium constants and mass balances defined in Equations (8)- (13) .
[
S], [B], [ARS], [BARS], and [BS]
are the molar concentrations of the saccharide, the free boron functionalities (both in the boronic and in the boronate form), free ARS, the boronate ester formed with ARS, and the boronate ester formed with the saccharide, respectively. C tARS , C tS , and C tB are the total concentrations of ARS, the saccharide, and the boronic acid groups, respectively. The molar fractions of ARS and of its boronic acid ester are denoted as c ARS and c BARS , while I ARS and I BARS are their specific emissions. K 1 and K a are the conditional association constants for association of the boron function concerned with ARS or the saccharide, respectively. The formation of intra-and intermolecular boronic esters with a boronic function/sugar ratio of 2:1 was neglected and the interactions of the two boronic functions present in each complex were regarded as independent. The concentration of the boronic acid was taken as double that of the Gd 3 + complex for the calculation. By fitting the fluorescence data with Equations (8)- (13) Figure 4 shows the fluorescence data for the binding of GdL 1 and GdL 2 with ARS in competition with the various sugar derivatives. We carried out a least-squares fit of the data collected during the competition experiments to the described model by using the abovementioned formation constants for association with ARS. The results are listed in Table 4 .
Both GdL 1 and GdL 2 interact considerably more strongly with sialic acid than with the other saccharides studied. Both complexes show good selectivity for sialic acid with respect to two of the most common saccharides present in glycan chains, methyl a-mannopyranoside and methyl b-galactopyranoside. Surprisingly, the formation constants of both complexes for association with sialic acid are also about two to three times greater than those of their glucose adducts. The a-furanose form of glucose is known to interact relatively strongly with phenylboronic acid and its derivatives since the cis-1,2-diol function in this anomeric form of the sugar is highly preorganized for the formation of boronate esters. [50] [51] [52] [53] However, this anomeric form has an abundance of only 0.14 % at anomeric equilibrium. The more abundant pyranose forms do not interact strongly with boronates and, consequently, the overall stability constant of the boronate ester is relatively low. These interactions may be even weaker in vivo than in vitro since the anomeric equilibrium of glucose is established very slowly and is rate determining for the formation of boronate esters of the furanose form. In vitro measurements taken after a short equilibra- Table 3 . Parameters obtained from the best fit of the NMRD profiles (25 8C) of GdL 1 and GdL 2 to the Solomon-Bloembergen-Morgan model. GdDOTA [a] and GdDTPA data are included for comparison. [38] tion time can be expected to result in apparent formation constants for association with glucose even lower than those reported in Table 4 . The relatively strong interaction of the two complexes with sialic acid as compared to that with glucose and the other two monosaccharides investigated is very promising for the development of sialic acid sensors. The interaction of GdL 2 with sialic acid is considerably stronger than that of phenylboronic acid with this sugar (K a = 11.6 m
À1
). This observation reflects the synergetic effect of the charged protonated amine functions of GdL 2 on the binding of sialic acid. It is evident, however, that GdL 1 interacts much less effectively than GdL 2 or phenylboronic acid with all the saccharides studied. Low preorganization of the sensing moiety and/or steric hindrance around the boronic group are possible causes of the weak interactions observed for this complex.
The two boronate units present in each of the complexes GdL 1 and GdL 2 may allow two-site binding of sialylated cell surfaces. As a result, the binding of these complexes might be considerably stronger than expected on the basis of the association constants reported in Table 4 .
Studies on cell interactions: We used a radioactive nuclide and exploited the excellent sensitivity offered by radiometric methods to assess the capability of lanthanide complexes of L 1 and L 2 to discriminate between cells presenting different amounts of sialic acid on their surfaces. We investigated the interaction of 153 SmL 1 and 153 SmL 2 with C6 rat glioma cells, before and after treatment with neuraminidase. Like most higher animal cells, C6 rat glioma cells have been reported to have exposed sialic acid on their surfaces. [33] In each experiment, one million cells were transferred to each of the six wells of a multiwell plate. The cells in three of the six wells were treated twice with neuraminidase according to a published procedure [32] to remove most of the sialic acid exposed on the cell surface. ) for 30 or 60 min at 37 8C. Some experiments were carried out at 0 8C to minimize the occurrence of internalization phenomena. After removal of the test solution, the cells were washed twice with phosphate-buffered saline and detached from the plate by treatment with 1 m NaOH. The radioactivity of the cell suspension in NaOH was measured to determine the amount of complex retained by the cells.
A modified version of the procedure described above was used to investigate whether internalization of the two complexes (  153 SmL  1 and  153 SmL   2 ) occurs at 37 8C. In these experiments, the cells were incubated with the complex and washed with phosphate-buffered saline, then treated with glycine buffer at pH 2.8. At this pH value, the boronic functional groups of both SmL 1 and SmL 2 are in their trigonal forms (see above), which do not interact with vicinal diol functions. Under these conditions, any SmL 1 or SmL 2 bound to sialic acid end groups at the cell surface is removed. The residual activity measured after detachment of the cells from the plate affords an estimate of the amount of internalized complex.
The results of these experiments are expressed as the difference between the residual activity of the cells not treated with neuraminidase and that of the cells that were treated (A, see Eq. (14)).
The term a 0 represents the total radioactivity of the solution initially added to the cells, a 1 is the final radioactivity of cells not treated with neuraminidase, and a 2 is the final radioactivity of cells previously treated with neuraminidase. Each experiment was repeated at least twice and the measured A values listed in Table 5 are the average percent residual activities measured.
The results for 153 SmL 2 point to a dominant effect of the concentration of surface-bound sialic acid on the amount of complex that is retained by the cells. The results of the experiments carried out with glycine treatment to investigate whether internalization processes occur indicate that 153 SmL 2 is not internalized in any appreciable quantity. The residual activity for 153 SmL 1 after treatment with glycine suggests that a slow internalization process exists. These results provide only a qualitative indication of the influence of sialic acid on the binding of the two complexes since the total quantity of sialic acid present on each cell surface was not determined. However, our observations concerning the surface binding of the two 153 Sm 3 + complexes are in line with the relative values of the interaction constants measured for the two Gd 3 + complexes and sialic acid (determined from the stability constants of the adducts concerned; see above).
By assuming that the residual activity (6.2 %) of the cells treated with 2.6 pmol 153 SmL 2 at 37 8C corresponds to the amount of this complex bound to sialic acid residues on the cell surface, we estimated that 1.10 5 complex molecules are bound by each cell.
Conclusions
We believe that recognition of sialic acid in living systems by MRI contrast agents is of importance for the detection of various malignancies. We designed and synthesized two new ligands for lanthanide ions, L 1 and L
2
, and characterized their complexes. Gd 3 + and 153 Sm 3 + complexes of L 2 showed very promising properties that may be useful in the development of sialic acid sensors. GdL 2 has a fairly high interaction constant with Neu5Ac and is selective for the target over other competing saccharides. The interaction of the corresponding 153 Sm complex with C6 rat glioma cells appears to be dependent on the concentration of sialic acid present on the cell surface. L 1 showed less favorable properties, although the selectivity of its Gd 3 + complex for sialic acid with respect to competing saccharides is good. The reasons for the less promising performance of L 1 remain to be investigated further but the flexibility of the structure and steric hindrance around the boronic function could play an important role in reducing the affinity of its Ln 3 + complexes for sugars.
The relaxometric properties of the two complexes are consistent with those of other Gd 3 + complexes of DTPAbisamides. Since the relaxometric parameters of this class of compounds are not optimal, a further improvement in the performance of these systems might be achieved by conjugating the recognition moieties to ligands whose Gd 3 + complexes have a more favorable water exchange rate (20-30 ns) . Such complexes include phosphonate analogues of DOTA and DTPA, as well as DOTA and DTPA structures with extended ethylene bridges. Further improvements in the sensitivity of the complexes could be achieved by conjugating the targeting vectors and a number of Gd 3 + chelates to a high-molecular-weight carrier.
Experimental Section
Materials: N-acetylneuraminic acid was purchased from Rose Sci. Ltd and used without further purification. The cell culture medium, Dulbeccos F12 minimal essential medium (DMEM-F12), was purchased from Sigma and supplemented with 10 % fetal bovine serum (FBS; Gibco), lglutamine (Sigma), and penicillin/streptomycin (Sigma). Earles balanced salt solution (EBSS) medium was purchased from Sigma, as was neuraminidase from vibrio cholerae.
153 Sm oxide was produced at the Instituto Tecnológico e Nuclear (ITN), Lisbon with a specific activity greater than 5 GBq mg
À1
. A stock solution of 153 SmCl 3 was prepared by dissolving 153 Sm 2 O 3 in 0.1 m HCl. All other reagent-grade chemicals were purchased from commercial sources and used without further purification.
Physical methods: The NMR spectra were recorded on a Varian INOVA-300 spectrometer operating at 300, 75.5, and 96. The pH values of the samples were measured at ambient temperature by using a Corning 125 pH meter with a calibrated microcombination probe purchased from Aldrich. The pH values were adjusted by addition of dilute solutions of NaOH and HCl.
The longitudinal water proton relaxation rates were measured on a Stelar Spinmaster spectrometer (Mede) operating at 20 MHz. The standard inversion-recovery technique (16 experiments, two scans) was used. The temperature was controlled with a Stelar VTC-91 air-flow heater equipped with a copper thermocouple (uncertainty: AE 0.1 8C).
The proton 1/T 1 NMRD profiles were recorded on a Stelar-Fast-Field-Cycling relaxometer over a continuous range of magnetic field strengths from 0.00024 to 0.28 T, which corresponds to a proton Larmor frequency range of 0.01-12 MHz. The relaxometer was under complete computer Fluorescence emission spectra were recorded with a Spex/Jobin-Yvon Fluorlog 3 fluorescence spectrometer (Instruments s.a.).
A well counter (DPC-Gamma C) with a 12 Compaq DeskPro compatible computer was used for activity counting in the interaction studies.
Molecular modeling was performed with the HyperChem software (version 7.5) and the MM + force field was used.
Di-tert-butyl-nitrilo-2,2',2''-triethanamine-N,N'-dicarboxylate (1): Compound 1 was prepared by the procedure proposed by Hamdaoui et al. [ N-(4,5-Dihydro-1 H-imidazol-2-yl)-nitrilo-2,2',2''-triethanamine (3): Compound 2 was redissolved in EtOH (20 mL), then HCl (20 mL, 37 %) was added dropwise. This solution was stirred at RT for 1.5 h. The solvent was removed under reduced pressure. MeOH (6 100 mL) was added and then evaporated from the solution. The yellow foam obtained was dissolved in a minimum amount of a methanol/water mixture and the product was isolated by cation exchange chromatography on a DOWEX 50-W 8-200 (H + form) column. An elution gradient from 20 to 50 % HCl (37 % aq) in methanol was used. The solvent was removed under reduced pressure and the residue was taken up in water, then lyophilized. The HCl salt of 3 a (6.629 g, 87 %) was obtained as a white powder. 1 N-(4,5-Dihydro-1 H-imidazol-2-yl)-N'-(2-dihydroxyboranylphenyl)-nitrilo-2,2',2''-triethanamine (4): Intermediate 3 (4.07 g, 12.56 mmol) was dissolved in a minimum amount of methanol/triethylamine (3:1 v/v, ca. 70 mL). A solution of 2-formylphenylboronic acid (1.88 g, 12.56 mmol) in the same solvent (320 mL) was added dropwise over 30 min. The mixture was stirred at room temperature for 6 h. The solvent was removed under reduced pressure and the residue was redissolved in methanol (100 mL). NaBH 4 (2.38 g, 62.9 mmol) was added carefully. The reaction mixture was stirred overnight, then the solvent was removed under reduced pressure. The residue was taken up in water (ca. 15 mL) and filtered. The product was isolated by cation exchange chromatography on an Amberlite CG50 (NH 4 + form) column with an elution gradient from 50 mm to 2 m NH 4 OH in water. The fractions containing the desired product were collected and lyophilized to give the carbonate salt of 4 (1.450 g, 3.25 mmol, 26 %) as a pale yellow fluffy solid. 1 + .
3,9-Bis(tert-butyl-2-oxo-3,6-diazahexyl-N-carboxylate)-6-carboxymethyl-3,6,9-triazaundecanedioic acid (5): Compound 5 was prepared by following the procedure described by Carvalho et al. [35] 3,9-Bis(2-oxo-3,6-diazahexyl)-6-carboxymethyl-3,6,9-triazaundecanedioic acid (6): A solution of 5 (2.50 g, 3.69 mmol) in pure trifluoroacetic acid (10 mL) was stirred for 12 h. The solvent was removed under reduced pressure, followed by addition and then evaporation of CH 2 Cl 2 (3 10 mL) then ether (10 mL). The residue was taken up in water, filtered, and lyophilized to give 6 (2.94 g, 97 %) as a white solid. 1 3,9-Bis[3-(dihydroxoboranylphenyl)-2-oxo-3,6-diazaheptyl]-6-carboxymethyl-3,6,9-triazaundecanedioic acid (L 2 ): A solution of 6 (2.94 g, 3.59 mmol), 3-formylphenylboronic acid (1.38 g, 9.20 mmol), and triethylamine (8.0 mL) in methanol (15 mL) was stirred at room temperature for 2 h. NaBH 4 was added carefully (1.39 g, 36.7 mmol). The resulting solution was stirred at RT for 12 h. The solvent was removed under reduced pressure and the residue was taken up in water (ca. 10 mL). The resulting suspension was filtered and the desired product was recovered from the solution by cation exchange chromatography on a DOWEX 50-W 8-200 (H + form) column. The column was washed with water, then the product was eluted with an aqueous ammonia solution (8 % + Preparation of the Gd 3 + complexes: Complexation was carried out by addition of stoichiometric amounts of GdCl 3 to aqueous solutions of the ligands under weakly acidic conditions (5.5 < pH < 6.5) at room temperature. The formation of the complex was monitored by measuring the solvent proton relaxation rate (1/T 1 ). The small excess of free Gd 3 + ions, which yielded a noticeable increase in the observed relaxation rate, was removed by centrifugation of the solution after adjustment to basic pH.
